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Abstract:  Experiments with metamaterials can resolve some intriguing controversies of toroidal 
electrodynamics. We illustrate this by the study of polarization-sensitive stop-bands and optical 
activity in toroidal helices. 
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A large body of controversial theoretical literature exists on the topic of toroidal electrodynamics, predicting a new 
type  of  magnetism,  violations  of  fundamental  symmetries,  such  as  the  action-reaction  equality  and  Lorentz 
reciprocity for systems with toroidal currents, and identifying toroidal currents as emitters of the Aharonov-Bohm 
vector  potential  fields  in  total  absence  of  electric  and  magnetic  field  permutations.  However,  the  predicted 
phenomena  are  extremely  weak  and  difficult  to  detect  on  the  background  of  masking  effects,  so  virtually  no 
experimental  evidence  is  available  to  confirm  these  properties  in  spite  of  the  widespread  presence  of  toroidal 
structures in nature, especially in the molecular world.  
 
 
 
 
 
Here we argue that by constructing metamaterial structures with toroidal inclusions it should be possible to 
engineer its electromagnetic response in such a way that certain weak features allegedly characteristic for toroidal 
structures are emphasised and easier to detect, allowing thus to verify the intriguing theoretical claims. We illustrate 
this approach with a study of the non-trivial link between toroidal chirality and optical activity of toroids (the ability 
to show circular birefringence and dichroism). 
 
 
 
 
 
Fig .1 Enantiomeric forms of a chiral toroid. Black line shows a toroidal wire helix. 
 
Fig 2. Toroidal chirality leads to a polarization sensitive stop band: left circularly polarized wave is stopped by the helical toroidal wire 
structure (a), while right circularly polarized wave passes through the structure (b). Red lines correspond to power flow lines while the 
colour map represents the electric field amplitude. The helical toroidal wire structure used in the calculations and experiments is shown in 
section (b) by black lines.Note “energy tubes” at the stop-band regime.  
 A helix winded on the surface of a torus has its non-congruent mirror image, an enantiomer, which is 
characteristic for optically active media (see Fig. 1). However, in contrast to an ensemble of short cut sections of 
helixes, the toroidal helicity does not lead to optical activity in a straightforward way. Indeed, the origin of optical 
activity in a straight helix can be found in the scattering properties of the helical current created by the incident 
wave. In a toroidal helix, this current flows in opposite directions on opposite sections of the torus. Since these 
sections are physically connected and interact electromagnetically, the wrong conclusion that optical activity is total 
cancelled may be drawn.  
Moreover, the induced current can include a toroidal (poloidal) component which leads to the so called 
toroidal moments of the meta-molecule response. Then the interesting question emerges of whether the toroidal 
moments have a distinct physical role in forming optical activity as the interplay of electric and magnetic moments 
leads to optical activity in straight sections of helices.   
We manufactured a toroidal metamaterial (see Fig. 3b) consisting of a double-periodic array of helical toroidal 
wires using photo-lithography and etching on a double-side metal coated dielectric film and studied optical activity 
in this structure. In our experiment the incident wave was always normal to the plane of metamaterial array while 
the  axes  of  toroidal  meta-molecules  were  in  the  plane  of  the  array.  We  measured  transmission  and  reflection 
characteristics of the structure in the range from 2 to 14 GHz for different states of polarization and observed strong 
resonant circular birefringence and dichroism (see Fig. 3).  
We  also  undertook  a  comprehensive  3D  numerical  modeling  of  the  experiment  that  allowed  a  clear 
understanding of the origin of optical activity in the toroidal structure. The observed resonances are of geometrical 
origin and their frequencies are controlled by the formation of standing current waves along the wire of the structure. 
For instance, at the dichroism bands a standing  wave is formed  with an odd number of nodes along the  wire 
winding. We also observed at the stop-band frequency an intriguing phenomenon: the formation of electromagnetic 
“energy tubes” along the physics structure of the wire that create a complex U-turn route for the incident energy 
flow (see Fig.2a) 
We show that the main contributions to the observed chirality originate from the electric dipole, magnetic dipole 
and electric quadrupole moments. We also evaluate the (magnetic) toroidal moment of the structure and show its 
non-diminishing value. Finally, the relation of toroidal moments to optical activity is also discussed. 
 
 
 
Fig.3: Optical activity in toroidal metamaterial. (a) Transmission spectra for right (blue) and left (red) circularly polarized illumination. The 
green panels mark the position of the circular dichroism resonances, where the eigenstates of the metamaterial are close to circular. (b) The 
manufactured toroidal metamaterial. 
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